Abstract. Nonlinear optical phenomena, such as two-photon fluorescence ͑2PF͒ and second harmonic generation ͑SHG͒, in combination with voltage sensitive dyes, can be used to acquire high-resolution spatio temporal maps of electrical activity in excitable cells and tissue. Developments in 1064-nm fiber laser technology have simplified the generation of high-intensity, long-wavelength, femtosecond light pulses, capable of penetrating deep into tissue.To merge these two advances requires the design and synthesis of new dyes that are optimized for longer wavelengths and that produce fast and sensitive responses to membrane potential changes. In this work, we have systematically screened a series of new dyes with varying chromophores and sidechains that anchor them in cell membranes. We discovered several dyes that could potentially be used for in vivo measurements of cellular electrical activity because of their rapid and sensitive responses to membrane potential. Some of these dyes show optimal activity for SHG; others for 2PF. This regulated approach to dye screening also allows significant insight into the molecular mechanisms behind both SHG and 2PF. In particular, the differing patterns of sensitivity and kinetics for these two nonlinear optical modalities indicate that their voltage sensitivity originates from differing mechanisms.
Introduction
Traditional methods for monitoring electrical activity in complex systems, such as the neurons in living brains, use electrodes and therefore preclude the acquisition of highresolution spatiotemporal maps of activity. Even for single cells, the use of patch-clamp technology, although very sensitive and capable of recording single action potentials, is invasive and does not permit recordings from very thin processes such as axons or dendritic spines. This has prompted the development of voltage-sensitive dyes ͑VSDs͒ whose optical properties change in response to membrane potential. These membrane-specific molecular probes can then be imaged with high-speed cameras or laser scanning microscopes, and the time courses at multiple points within a specimen can be analyzed. Since the initial work on the squid giant axon, 1,2 a variety of VSDs have been developed to study transmembrane potential ͑TMP͒ primarily by linear optical measurements such as absorbance or fluorescence. These dyes can be excited with visible light and provide an effective method to image cell membranes and their physiology.
Nonlinear optical phenomena are observed when a highintensity laser interacts with an optical material and are characterized by a probability that is proportional to the incident light intensity raised to a power greater than one. The use of these phenomena to detect TMP changes has been demonstrated. [3] [4] [5] [6] [7] [8] [9] [10] [11] In this work, the methods of choice are second harmonic generation ͑SHG͒ and two-photon excitation fluorescence ͑2PF͒, which are both nonlinear optical processes taking place in proportion to the square of the incident light intensity. 2PF is the nonlinear form of one-photon excitation fluorescence and operates on a similar principle. In 2PF, two photons excite a fluorophore into a state corresponding to twice their individual energies; the fluorophore then relaxes to the lowest energy electronic excited state before emitting a fluorescent photon. The emission spectrum for this nonlinear process is the same as in one-photon excitation. In contrast, SHG occurs instantaneously, when two photons are converted into one of twice the energy. SHG does not involve an excited state and therefore conserves energy; the harmonic photon is emitted coherently. There are several other interrelated differences between the two methods. The first is based on the order of the term that generates each optical phenomenon. The polarization of an optical material in the presence of a high-intensity electric field is a power series with coefficients associated with the material's higher-order electric susceptibilities. 2PF comes from the imaginary portion of the thirdorder term, depending linearly on the concentration of chromophore. SHG comes from the second-order term, depending quadratically on the concentration of the SHG-active chromophores, or "harmonophores." Also, SHG is confined to loci lacking a center of symmetry, as provided, for example, by a cell membrane leaflet.
12 2PF does not have this symmetry constraint.
The chromophore used to generate both nonlinear phenomena can be synthesized in several forms. Previous work from this laboratory has shown that some aminonaphthylethenylpyridinium ͑ANEP͒-based dyes ͓Fig. 1͑a͒-1͑c͔͒ can exhibit a relative signal change of 43% per 100 mV for SHG signals. 13 It was also shown that SHG and 2PF signal sensitivity are wavelength dependent and scale linearly with applied voltage change. 10 However, the kinetics of some previous dyes was too slow to follow action potentials. 10 The hydrophobic tail of the dye, characteristics of the chromophore, and the charge on the head may all influence the relative signal change and its speed. Indeed, FM4-64 ͓Fig. 1͑d͔͒, a dye that provides SHG responses to membrane potential fast enough to follow action potentials, 7, 11 has a similar styryl chromophore with ethyl groups attached to both the amino tail and the quaternary ammonium head. However, FM4-64 has a relatively small sensitivity to membrane potential of only 7.5 to 10% per 100 mV.
Here, we adopt a progressive alteration of dye characteristics while screening signal sensitivity and kinetics. In particular, we have developed a new class of dyes with a chromophore consisting of a pyridine and multiple thiophene groups. The charge is oriented around the pyridine in the ground state and shifts during excitation. Some of these new dyes yield significantly improved fast responses to membrane potential for SHG as well as 2PF. The dyes under consideration show specific excitation by 1064-nm femtosecond pulses that can be generated with a relatively inexpensive and stable fiber laser. 14 We believe that the combination of the better dye responses and the simpler optical setup afforded by the fiber laser will allow this nonlinear optical microscopy to become a more widespread tool for the neuroimaging of electrical activity.
Materials and Methods

Imaging
For full details of our nonlinear imaging microscope, we refer the reader to previously published descriptions. 13, 15 Our current microscope combines a Fluoview ͑Olympus͒ scan-head and an Axiovert ͑Zeiss͒ inverted microscope constructed for multiple imaging methodologies including wide-field, onephoton excitation fluorescence imaging, as well as SHG and 2PF imaging. Our laser sources include a Mira ͑Coherent͒ Ti:Sapphire laser and a Femtopower ͑Fianium͒ fiber laser operating at 1064 nm.
14 For excitation, we routinely use an IRAchroplan ͑Zeiss͒ 40ϫ, 0.8 NA water-immersion objective, although for shorter wavelengths, we also use an A-Plan ͑Zeiss͒ 40ϫ, 0.65 NA air objective. Fluorescence is imaged ͑for linear imaging͒ or collected ͑for nonlinear imaging͒ back through the excitation objective, while SHG is collected in the forward, transmitted light direction by a condenser, either 0.8 NA or 0.55 NA ͑Zeiss͒. For optimal collection, the numerical aperture of the condenser should be at least 1/ ͱ 2 of the numerical aperture of the excitation objective, 16, 17 although in practice, a condenser of slightly lower numerical aperture will often suffice. Since the wavelength of second harmonic light is precisely half that of the excitation light, the choice of filter for SHG imaging is greatly simplified and the primary concern is the blocking of the excitation light that is also transmitted through the sample as well as fluorescence that is emitted forward.
Cells
NIE-115 mouse neuroblastoma were cultured in Dulbecco modified Eagle's medium ͑DMEM͒ with 10% fetal bovine serum and 1% antibiotic-antimycotic ͑Invitrogen, Carlsbad, California͒ in a 60-mm plastic dish ͑353002, Becton Dickinson, Franklin Lakes, New Jersey͒. The culture was maintained at 37°C with 5% CO 2 for a period of 48 h prior to experimentation.
For experimentation, the growth medium was replaced with 3 mL of Earle's Balanced Salt Solution ͑EBSS, Sigma, St. Louis͒ with 20 mM HEPES ͑Merck Biosciences AG, Laufelfingen, Switzerland͒. The internal buffer, injected into the patch pipette, was a potassium aspartate ͑140 mM, Sigma, St. Louis͒, sodium chloride ͑5 mM, Sigma, St. Louis͒ and HEPES ͑10 mM͒ solution at a pH of 7.35. The pH was adjusted with potassium hydroxide and hydrochloric acid.
Dyes
The series of dyes used in this work are shown in Table 1 . The top three rows in the table show more highly conjugated variants of the aminonaphthylethenylpyridinium ͑ANEP͒ chromophore. These were all synthesized by J. P. Wuskell. The remaining entries in the table are members of a new class of aminothiophene chromophores synthesized by P. Yan. They display a variety of polar heads, hydrophobic tails, and chromophore lengths so as to facilitate the exploration of structure-sensitivity relationships.
Electrophysiology
For characterizing the voltage sensitivity of SHG and 2PF, we used a slow ͑ϳ0.1 Hz͒ switching protocol as previously described 13, 15 with a 50 mV step. For investigating the time dependence of the voltage sensitivity, we instead triggered a step wave form for the voltage clamp approximately halfway through the page scan; the protocol for determining signal time dependence was previously described in detail. 10 
Results
Typical images for SHG and 2PF of dye-stained cells are shown in Fig. 2 . The SHG images are typically more sharp at the membrane because the signal from submicroscopic structures such as filopodia, which contribute a haze to the 2PF signal, are not allowed in SHG. 18 Also noteworthy in Fig. 2 is the loss of signal near the axes bisecting the 10 o'clock to 4 o'clock regions of the cell. This corresponds to the polarization dependence of the nonlinear optical signals and can be minimized through the use of circularly polarized laser light. Table 1 shows the data from one-photon, two-photon, and SHG experiments for all dyes studied in these series of experiments. The molecular structures are shown in the rightmost column to illustrate the progressive alteration of certain chemical moieties, showing the effects on kinetics, signal sensitivity, and absorption wavelength of different dye segments.
The left-most data columns of Table 1 are the absorption and emission maxima for one-photon fluorescence in soybean multilamellar lipid vesicles used to mimic the membrane environment. The column indicating relative signal change for one-photon fluorescence also lists the excitation light source used and the lower bounds of the long-pass emission detected.
The remaining columns of Table 1 list the nonlinear optical responses of the dyes to a 50 mV voltage change on a patchclamped neuroblastoma cell. Excitation for both SHG and 2PF is at 1064 nm. The transmitted SHG signal was collected at 532 nm, and the two-photon excited emission was measured with two different wavelength bands, as indicated in the respective column headings. We show that maximal SHG sensitivity is observed in PY-1282, at 11.7% / 50 mV. The maximum 2PF sensitivities were observed in the tri-thiophene PY-1268 with a change of 16.6% / 50 mV. This was the largest sensitivity observed for all dyes and imaging modalities.
Importantly, 2PF changes were instantaneous, i.e., within the 5-ms time resolution of our measurements, for PY-1268 and all other dyes, while the SHG responses varied in their kinetics ͑rightmost column in Table 1͒ . The kinetics data for SHG, 2PF detected between 615 to 665 nm, and 2PF detected between 750 to 850 nm for PY-1268 are shown in Fig. 3 . Here, the SHG sensitivity per 50 mV is less than 2%, so the response to the voltage change, occurring at line number 254, is hard to distinguish from noise. However, the exponential fit to this data suggests that SHG occurs instantaneously. Figure  3͑b͒ shows signal change kinetics for 2PF detected over a range of emission wavelengths between 615 nm and 665 nm. This signal sensitivity is consistent with the data indicated in the table ͑which was measured using a slow voltage clamp protocol͒ and indicates an instantaneous signal change. Curve fitting for this data set resulted in two zero-slope baselines before and after the signal change and a signal change that lasted less than one row ͑i.e., 5 ms͒ during the scan. The final graph here, Fig. 3͑c͒ , shows a similar kinetics pattern for a smaller signal sensitivity of 4.28% / 50 mV detected between 750 and 850 nm.
In contrast, the data for PY-1261 in Fig. 4 displays instantaneous kinetics for all imaging modalities, but with the largest signal sensitivity occurring in the SHG signal. This dye has a shorter chromophore than PY-1268, which is consistent with the relationship between their 2PF signal sensitivities. Interestingly, PY-1261 shows nearly a 10% / 50 mV SHG signal change, which is more than five times larger than its trithiophene counterpart, but a maximum 2PF sensitivity that is close to three times smaller. Moreover, the larger 2PF change occurs in the wavelength range between 750 and 850 nm since PY-1261 exhibits a spectral shift toward the red. Dyes such as PY-1261 and PY-1278 are of particular interest since they have both instantaneous SHG kinetics and a large ͑close to 10% / 50 mV͒ signal sensitivity.
The dyes in Table 1 were designed so as to be able to compare the voltage-dependent nonlinear responses as a function of specific molecular features. Figure 5 shows the results obtained from altering the number of double bonds in the chromophore in the quinolinium propyl trimethyl ammonium series. The two vertical axes show both the nonlinear signal sensitivity to a 50-mV switch and the SHG signal kinetics to a 75 mV switch. The latter is indicated by the time constant, , as the light gray bar on the graph. It should be emphasized that the signal speed for the 2PF responses of all the dyes are as fast as our measurement allows, Ͻ5 ms. These data show that while the SHG sensitivity is the same for all dyes within a margin of error, the signal speed is different for the different chromophores. Specifically, optimal dye kinetics occurs with the two double-bond dye, di-4-ANBDQPQ. The amount of time for the dye to react to a given voltage switch is prolonged in the case of the three double-bond di-4-ANHTQPQ, illustrated in the last data set. Interestingly, the time for the smallest molecule, di-4-ANEQPQ, to react to voltage is the longest. Last, there is a distinguishable spectral shift exhibited by the longer chromophore dyes when compared to di-4-ANEQPQ. This is most noticeable in the range of wavelengths between 615 and 665 nm, labeled 2PFr in the graph. While di-4-ANEQPQ exhibits a positive signal change in both the 615 to 665 nm and the 750 to 850 nm ranges of wave- lengths, the two longer dyes exhibit a spectral shift as evidenced by the larger negative signal sensitivity in the 615 to 665 nm range of wavelengths. The larger signal sensitivity is consistent with the idea that a longer chromophore should show a more significant electrochromic effect. This is because the positive charge redistribution upon transition to the excited state from the quinolinium to the naphthyl amine moieties has a greater distance to traverse and therefore is more sensitive to the intramembrane electric field. However, we did not attempt to systematically scan the excitation and emission wavelengths to try to determine the maximal electrochromic effect for these dyes. Figure 6 compares results for a set of three dyes in which the head group changes. The most significant of the results here is that of the dye on the leftmost portion of the graph, PY-1280, showing a significantly slower signal response to a change in voltage. It is important to note that both PY-1261 and PY-1278 have a "fast" kinetic response, which in Fig. 6 is illustrated as being 5 ms, the temporal resolution of these experiments.
The remaining variable in the dye synthesis permutations is the length of the two hydrocarbon chains in the hydrophobic tail of the dye molecules; this is shown in Fig. 7 . These data show a significant decrease in both SHG and 2PFir signal sensitivity with increasing tail length. In both cases, the largest signal sensitivity is observed with the one-carbon tail group, PY-1282. The signal decreases with each added pair of carbons. In this set of dyes, PY-1261 has an "instantaneous" SHG voltage switch, depicted by the smallest experimental time unit of 5 ms.
Discussion
The data presented here show the results of a systematic screening of new nonlinear optical dyes designed to respond to membrane potential. Both dye kinetics and average signal change to TMP are presented. We searched for an optimal combination of "speed and sensitivity" to identify the ideal dye for monitoring cellular membrane electrical activity. Several such dyes tested satisfy this description. Moreover, a methodical alteration of chemical moieties, such as that described in this work, can further elucidate the molecular mechanism by which these potentiometric dyes respond to voltage. A total of 12 dyes were tested for 2PF/SHG sensitivity and kinetics, as well as one-photon absorption and emission peaks and sensitivity. The dyes were grouped according to common chemical characteristics; the results between common dye variations were compared. All data acquired in these series of experiments are shown in Table 1 . Although kinetics for both 2PF and SHG were tested, the former is consistently instantaneous across all dyes within a temporal resolution of Ͻ5 ms. However, the SHG response to TMP is not always instantaneous. Figures 3 and 4 highlight two dyes with strong intensities indicating heavy staining levels, showing large signal changes as well as fast kinetics. PY-1261 in Fig. 4͑a͒ shows one of the first thiophene-based potentiometric dyes synthesized in our laboratory with nearly a 10% / 50 mV SHG change and instantaneous kinetics. PY-1268 shows a similarly instantaneous SHG change, albeit with a much lower amplitude, but a more remarkable result is its 2PF sensitivity. It has generally been presumed that SHG signal sensitivity would be larger than 2PF given the same change in voltage, but our data show a nearly 17% / 50 mV change in PY-1268 2PF. Considering that this change occurs quickly and given the abundance of 2PF detection systems, PY-1268 is a prime candidate for physiological applications requiring the ability to detect action potentials. For comparison, previously published data on the SHG kinetics of di-4-ANEPPS show a slow response to the same voltage change, which occurred with an exponential time constant of 70.6 ms.
10 FM4-64 shows an SHG change that is fast, but the response is Ͻ10% / 100 mV. 7, 11 We have not yet tested the linearity of the voltage-dependent responses of our dyes, but the SHG of PY-1261 and the 2PF of PY-1268 already show greater rapid responses to a 50 mV potential step than is observed for the FM4-64 SHG response to 100 mV.
The chromophore variations are shown in the QPQ dye series ͑Fig. 5͒. Here, the length of chromophore does not profoundly alter the maximum signal sensitivity. The average absolute SHG signal sensitivity for this dye series is 3.76% / 50 mV, and the average maximal absolute 2PF signal sensitivity is 6.69% / 50 mV. Deviations all range within 2% of the mean. The most significant result seen here is the SHG kinetics of di-4-ANBDQPQ. While the maximal signal sensitivity of this dye is essentially identical to the other two, its kinetic curve statistically resembles a step function. This is in vast contrast to di-4-ANEQPQ and di-4-ANHTQPQ, where the exponential time constant exceeds 30 ms, making them unusable for electrophysiological applications.
The effect of the hydrophobicity of the quaternary ammonium head group on voltage sensitivity and kinetics has not been systematically studied previously. The results of experiments with a series of dyes with different head groups are shown in Table 1 and compared in Fig. 6 . Since this portion of the dye is outside the chromophore, changes do not significantly affect the shift of electrons in the excited state. This removes the possibility of the head group affecting the electronic mechanism of dye activity. It has been previously documented that it is the hydrophobic tail group that interacts with the membrane, 19 and it is possible that the interaction of the head group with water could affect the dyes' sensitivities, as the least hydrophobic of these should have the strongest anchoring interactions at the aqueous interface. The results in Fig. 6 indicate that this cannot be an important consideration. SHG signal sensitivity is identical for all three dyes, within an experimental margin of error. Any variations in 2PF signal sensitivity most likely arise from the emission spectra shifting through the detected wavelength bands. However, the SHG kinetics is significantly slower for the trimethylammonium head group compared to the "instantaneous" changes observed for the other two dyes, and this could reflect some rigidification of the dye in the membrane due to strong anchoring.
A systematically significant decrease in SHG signal sensitivity is observed in a series of four dyes with varied tail groups. This data is shown in Fig. 7 . PY-1282, with two methyl groups at the amino tail, shows a threefold increase in signal sensitivity when compared with its four-carbon counterpart, PY-1266. Moreover, we observe a statistically significant decrease in SHG sensitivity with each additional carbon added to the tail hydrocarbon chains. The result here suggests that the molecular interaction of the tail group with the membrane dominates the mechanism by which the SHG signal changes in response to TMP. SHG signal change could occur by way of a molecular rearrangement occurring in response to a change in TMP. This rearrangement may change the chromophore alignment in the electric field and thus vary the output signal. Such mechanisms have been described for the fluorescence responses of voltage-sensitive dyes. 20 A probe with a longer hydrophobic tail will bind to the membrane more strongly and rigidly than probes with shorter tails. If the signal change results from an on-off or reorientation mechanism, then the hydrophobic dyes will be less likely to exhibit a large change. This theory is supported by the kinetics data shown in Fig. 7 , where the more hydrophobic head groups of PY-1266 and PY-1286 display a slower kinetic response. Importantly, the fluorescence kinetics of all of these dyes were fast ͑Ͻ5 ms͒, suggesting that the mechanisms for the fluorescence responses to membrane potential changes are different from the mechanisms of the SHG responses.
The rapid responses to voltage-clamp steps of all the dyes in both SHG and 2PF modalities argue against these responses being due to a change in membrane composition or a change in their intracellular location. These dyes are very sensitive to their environment and are likely to be excellent reporters of lipid composition. However, changes in lipid composition occur from processes such as endocytosis, exocytosis, or lipid trafficking, which are on time scales of many seconds to minutes. Thus, the millisecond response times of the dyes are most likely a reflection of the rapid change in transmembrane potential.
Our data suggest that the mechanism behind SHG signal sensitivity may not be purely electrochromic, that is, dependent only on the electronic interaction of the dye chromophore with the electric field, but may additionally involve some very local voltage-dependent change in how the dye orients in or associates with the membrane. Moreover, this work also shows that we are able to synthesize a series of dyes excitable at 1064 nm, exploiting the utility of relatively inexpensive turnkey fiber-based femtosecond lasers. Several of these dyes respond quickly to voltage change, with large signal sensitivity to TMP without any apparent effects on cellular activity. PY-1261 and PY-1278 exhibit both a large SHG signal change and instantaneous kinetics. PY-1268 shows a large and instantaneous 2PF signal change in a visible emission band. These dyes thus significantly enhance and expand the range of optical approaches available to experimentalists interested in mapping electrical activity in complex excitable cells and tissue. Importantly, the availability of a choice of dyes will allow investigators to choose probes based not only on sensitivity to voltage but also on such additional factors as solubility, excitation and emission wavelengths, tissue penetration, staining persistence, and resistance to cell internalization.
